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SUMMARY 

Experimental measurements have been made to determine the 

effects of slot gap opening and flap cove shape on flap and 

airfoil flow fields. Test model was the GA(W)-1 airfoil with 

0.30~ Fowler flap deflected 35O. Tests were conducted with opti- 

mum, wide and narrow gaps, and with three cove shapes. Three 

test angles were selected, corresponding to pre-stall, cRmax 

and post-stall conditions. Reynolds number was 2.2~10~ and 

Mach number was 0.13. Force, surface pressure, total pressure, 

and split-film turbulence measurements were made. Results were 

compared with theory for those parameters for which theoretical 

values were available. 

The gap study results show that the narrow (.02c) and optimum 

(.03c) gaps have very similar flow patterns. However, the narrow 

gap case has a larger region of high turbulence with intermittent 

reversal at the ccmax angle of attack, and post-stall angle of 

attack. The narrow gap case also has a somewhat lower CR,,,. The 

wide (.05c) gap has separated regions over the flap at all three 

angles of attack, and produces substantially lower lift at pre- 

stall and c~~~x angles of attack. All three gaps produce lower 

lift than theory predicts, but the discrepancy is greatest for 

the large gap case. 

Cove shape studies show that both a standard and sharp-lip cove 

have a region of separation and reattachment ahead of the slot, 

while a blended cove has no separation. In spite of these differ- 

ences in cove shape and local flow, all three coves produce very 

similar velocity profiles at the flap slot exit. While the influ- 

ence of this separation and reattachment is not modeled by present 

theory, a separated region of this type does not substantially 

hinder flow attachment over the flap and attainment of high CR,,, 

values. All three cove shapes produce somewhat lower lift than 

theory predicts. 



INTRODUCTION 

The application of sophisticated computing machinery to 

the problem of multiple-element airfoil analysis has resulted in 

considerable progress in the art of airfoil design. Present 

theories applied to single-element airfoils make it possible 

to calculate surface pressures, lift, drag and pitching moment with 

a high degree of accuracy at least up to the angle of attack at 

which initial separation occurs (Ref. 1). Progress in slotted 

flap analysis has not achieved the same degree of success, pri- 

marily because of the additional flow complexity associated with 

the interactions between airfoil and flap boundary layers. 

For example, Fowler flap CR,,, performance for high flap de- 

flection is known from experimental studies to be quite sensi- 

tive to flap gap opening, while theoretical calculations do not 

show strong sensitivity to flap gap. Detailed flow measurements 

for non-optimum as well as optimum flap positioning are needed 

to provide a data base for improved theoretical modeling. 

Earlier research studies included detailed flow field 

measurements for a Fowler flap deflection of 40' with optimum 
gap and overlap (Ref. 2). While 40" flap deflection produced 

the highest ctmax, the configuration was highly sensitive, in 

that regions of separation or near-separation were present over 

some portion of the airfoil at every angle of attack. With 35O 

flap deflection, c~,,, is only slightly lower than with 40° flap, 

and the flow is considerably more stable, as indicated by linearity 

of CQ vs. alpha, surface cp distributions and general observations 

of model buffeting. For these reasons, 35' flap deflection was 

selected for the present study. 

Most practical-design flap coves result in local regions 

of flow separation and reattachment ahead of the flap slot on 

the lower surface. No present computer modeling technique accounts 

for this effect. Flow studies of practical-design and blended 

(no separation) coves are needed to provide a data base for re- 

fined theoretical modeling. 
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The purpose of the present research was to provide detailed 

flow field measurements as well as force and surface pressure 

measurements for a high chax Fowler flap configuration with optimum 

and non-optimum flap gap settings, and to provide similar measure- 

ments for two practical-design flap coves and for a blended cove. 

SYMBOLS 

Dimensional quantities are given in International (SI) Units. 

Measurements were made in U.S.. Customary Units. Conversion fac- 

tors between the various units may be found in Reference 3. The 

symbols used in the present report are defined as follows: 

C 

Cd 

cf 
c 

cf 

CR 

cm 

%s 

% 

h 

P -S 

pt 

%n 

RN 

T 

Airfoil reference chord (flap-nested) 

Airfoil section drag coefficient, section drag/ 
(s,*c) 

Flap chord 

Local skin friction coefficient, -r/qo3 

Airfoil section lift coefficient, section lift/ 
(q,*c) 

Airfoil section pitching moment coefficient with 
respect to the .25c location, section moment/ 
(q,*c2) 

Static pressure coefficient, (ps -p,)/q, 

Total pressure coefficient, (pt -p,)/q, 

Razor blade half-thickness 

Local static pressure 

Local total pressure 

Free-stream dynamic pressure 

Reynolds number based on wing chord 

Turbulence, ratio of peak perturbation velocity 
to local mean, from hot-film trace 
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U 

U 

ux 

UC0 

xa 

xf 

XW 

z 

a 

aWt 

afs 

AP 

6f 

P 

(J 

V 

T 

Velocity at the edge of the boundary layer, non- 
dimensionalized with respect to free stream 
velocity 

Local velocity, non-dimensionalized with respect 
to free stream velocity 

Component of local velocity in the free stream 
direction, non-dimensionalized with respect to 
free stream velocity 

Free stream velocity 

Coordinate along airfoil chord 

Coordinate along flap chord 

Streamwise coordinate in wake, zero at flap trail- 
ing edge 

Coordinate normal to free stream, zero at local 
surface, or zero at flap trailing edge in the wake 

Angle of attack, degrees 

Wind tunnel angle of attack, degrees 

Free stream equivalent angle, degrees 

Pressure difference between the pressure reading 
with razor blade in position and the true undis- 
turbed static pressure 

Flap deflection angle, measured from flap chord 
line in the retracted position, degrees 

Density of air 

Standard deviation of velocity (a measure 
of turbulence intensity) 

Kinematic viscosity 

Shear stress 

MODEL, TEST CONDITIONS, INSTRUMENTATION AND METHODS 

Model 

The experimental model for the present tests was the GA(W)-1 

airfoil section with 30% chord Fowler flap. This model was selected 
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because of the extensive data available from earlier force, 

pressure, and flow field studies (Refs. 2, 4 and 5). Airfoil 

and flap model geometry is shown in Figure 1. 

Test Conditions 

Tests were conducted in the WSU low speed wind tunnel with 

213 cm x 91.4 cm two-dimensional insert. Reynolds number of the 

tests was 2.2 x 10 6 based upon model reference chord of 61 cm, 

and Mach number was 0.13. In earlier tests, transition strips were 

employed at . 05c on upper and lower surface. Experimental pres- 

sure distributions from earlier research and theoretical studies 

show that with high flap deflections, the lower surface stagnation 

point may be located as far aft as . 07c, allowing a laminar bound- 

ary layer to develop along the lower surface. For this reason a 

. 10~ location was selected for the lower surface transition strip 

location for the present tests. The upper surface location was 

retained at .05c. The strips were #80 carborumdum grit, 2.5 mm 

wide. No transition strips were employed on the flap. 

Instrumentation and Methods 

Forces - Force measurements (lift, pitching moment and drag) 

were obtained using the wind tunnel main balance system, with linear- 

ized wall corrections applied as outlined in Reference 6. Digital 

data were recorded and processed by an on-line mini-computer. Ref- 

erence 7 describes the mini-computer data acquisition and processing 

system. 

Pressures - Surface pressures and pressure-type velocity 

measurements were obtained through a systemof pressure selector 

switches and transducers, with digital data processed on-line. 

Surface pressure distributions were plotted on-line, and off- 

line processing was used to obtain integral force coefficients 

for component loads and moments. 

One of the factors applied to correct wind tunnel mea- 

surements to free-stream conditions is a term to correct 

dynamic pressure for wake blockage due to drag (see Ref. 6 

for details). This correction has been applied to the force 
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measurements. However, since drag was not measured simultan- 
eously with pressure measurements, it was not possible to apply 
this correction directly to the cp values. When comparisons 
of experimental surface c p distributions are to be made with 
theory, it is essential that the conditions for comparison be 

as nearly equivalent as possible. To accomplish this purpose 
in thepresent study, theoretical calculations for each condi- 
tion were made at an angle of attack selected to correct for 
the wake blockage effect. This corrected angle of attack (afs.) 
is computed according to the method of Reference 6. Both the 
wind tunnel test angle (aWt ) and the equivalent free stream 
angle (afs) are labelled on the comparison figures. 

Five-Tube Probe - This probe (Fig. 2a) was utilized to 
obtain most of the flow field data obtained in the present 
research. Details of calibration and operation of the probe 
are given in Ref. 6. Through appropriate calibration equations 
the five pressure measurements are translated into velocity 
magnitude and direction, static pressure and stagnation pres- 
sure. Theprobe was mounted on a vertical actuator on the test 
section centerline, with provisions for remote traversing longi- 
tudinally and vertically. Position data and pressures were 
processed by the on-line mini-computer, and velocity vectors 
were plotted on-line with a digital plotter. 

Four-Tube Probe - This probe (Fig. 2b) consists of fore- 
and aft-facing pitot tubes, flattened for near-wall measurement, 
and a set of fore- and aft-facing static tubes. This probe 
permits scans nearer to a surface than is possible with the 
five-tube probe, and flow reversal detection by observing the 
larger reading from the two pitot tubes. The probe was mounted 
on the traversing actuator described in the five-tube probe 
section. Total pressure, static pressure, velocity, flow direc- 
tion and position were recorded and processed on-line. 

Split-Film Anemometer - Hot-film anemometer surveys were 
conducted using a 0.15 mm diameter split film probe (Fig. 3) 
to detect turbulence level,and flow direction and magnitude in 
regions of high turbulence. For the slot-gap tests, differential 
output from the split film was displayed on an oscilloscope and 
observations were recorded manually. 
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For the cove shape tests, a special computer program was 

developed to permit direct digital sampling of the turbulent 

flow signals, and on-line statistical processing. The tech- 

niques and calibrations for this instrument are given in 

References 9 and 10. After preliminary tests with various 

sampling rates and sample sizes, a sampling rate of 400 hz 

was selected, with a sample size of 6000. This sampling rate 

and size provided reasonably repeatable values for mean, 

standard deviation and intermittency of reversal. 

Skin Friction - Skin friction measurements were made from 

surface pressure readings using the razor blade technique of 

East (Ref. 11). Geometry of the razor blades is given in 

Figure 4, and the calibration equation is given in Refer- 

ence 2. Pressures were recorded and calculated into c 
P 

form 

with the on-line mini-computer, and skin friction was calcu- 

lated off-line. 

Resolution - Overall resolution capabilities of the 

various instrumentation systems are given in Table 1: 

Table 1 - Instrumentation Resolution 

Item 

lift 

drag 

pitching moment 

pressure transducers 

dynamic pressure 

velocity 

velocity 

flow angle 

airfoil angle of attack 

flap angle 

probe positioning 
(longitudinal and vertical) 

Resolution 

k.001 AcR 

k.0003 ACd 

k.0003 Acm 

+.004 qo3 (test q CD =1152 N/M21 

A.004 q[, 

+.005 um (5-tube probe) 

k.05 UC0 (split-film anemometer) 

c 2O 

+.05O 

+.5" 

+.0004c (kO.244 mm) 
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PART I - SLOT GAP STUDIES 

Preliminary Experiments 

Earlier flow studies with the GA(W)-1 airfoil with 30%~ 

flap with 40" deflectionshowed that some portion of the airfoil 

or flap was separated at nearly every angle of attack (Ref. 2). 

At 35' flap deflection, however, more compete flow attachment was 

achieved, with only a 0.14 lower CL,,, than 40° flap (.Ref. 4). 

For this reason 35O deflection was selected for the present tests. 

Preliminary force tests were conducted to establish CL values for 

non-optimum flap gaps. Flap gap geometry and flow scanning loca- 

tions are shown in Figures 5 and 6. The results of the tests are 

shown in Fig. 7. Comparison of CR,,, values from the present 

force tests with data from Reference 4 is shown in Table 2. 

Table 2 - Comparison of Present Tests with Previous Tests 

CI1 max 

Gap Present Tests Ref. 4 ACE max 

narrow 0.02c 3.58 3.41 +.17 

optimum 0.03c 3.71 3.68 +.03 
wide 0.05c 3.40 3.52 +.12 

The present tests confirm that the optimum gap is O.O3c, and 

while the levels are higher than the earlier tests, the agreement 

is reasonable considering the measurement difficulties at stall- 

ing conditions. Based upon these tests, conditions for the pre- 

sent detailed flow studies were selected corresponding to pre- 

CR max' C!L max' and post-cgmax angle conditions for each gap, as 

shown in Table 3: 
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Table 3 - Test Conditions for Flow Studies 

case gap angles of attack 

narrow gap 0.02c 5.2O ,10.3°,12.70 

optimum gap 0.03c 5.2" ,10.3O,12.7O 

wide gap 0.05~ 5.2°,10.30,12.70 

Since the end plates had been modified with cutouts and 

special cover plates to accommodate flow instrumentation for 

the present tests, a difference in end plate drag was expected 

relative to earlier tests. The present end plate tare was 

determined by comparing drag measurements for the optimum gap 

with the results of Reference 4. The end plate tare correc- 

tion was adjusted to provide the same airfoil-flap drag level 

at cR =2.0 as the earlier tests. This technique is justified 

on the basis that direct incremental effects of gap changes 

were measured. Pitching moment data for the optimum gap com- 

pare very favorably with Reference 4 data. 

Theoretical Studies 

Theoretical computer' studies using the method of Refer- 

ence lwere conducted for the nine test conditions. Results 

from the theoretical analysis are compared with appropriate 

experimental data in the various figures, as noted in the sec- 

tion which follows. 

Presentation of Slot Gap Flow Studies 

Flow field studies are presented in figures as listed in 

Table 4. In each case data are shown for narrow, optimum, and 

wide gap. 
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Table 4 - Presentation of Slot Gap Data 

Type of Data 

Model geometry 

Instrument details 

Gap settings 

Scanning locations 

Forces 

Surface pressures 

Velocity field maps 

Static pressure 
contours 

Total pressure 
contours 

Boundary layer 
profiles 

Velocity and pressures 
in wake 

Skin friction 

Turbulence and 
reversal maps 

flow 

Instrument 

--- 

--- 

--- 

--- 

Balance 

Surface holes 

4-tube/5-tube/ 
split film 

4-tube/5-tube 

4-tube/5-tube 

4-tube/5-tube 

4-tube/5-tube 

Razor blade 

Split film 

Remarks Figures 

--- 

--- 

--- 

Theory and 
experiment 

Theory and 
experiment 

Experiment 

1 

2,x,4 

5 

6 

7 

8,9,10,11 

12,13,14 

Experiment 15,16,17 

Experiment 18,19,20 

Experiment 21. - 29 

Experiment 30 - 38 

Theory and 
experiment 

39 

Experiment 40,41 

Discussion of Slot Gap Studies 

Force Measurements (Figure 7) 

These data show that the 0.03~ gap provides the highest 

CR max' For all three gaps, the angle for cRmax is about 10.4'. 
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The narrow and optimum gaps provide essentially equal lift performance 
for angles up to 5O. Above 5" the lift with narrow gap falls slightly 

below the optimum gap case. For the wide gap the lift is substantially 

lower than with optimum gap for all angles up to stall. At post-stall 

angles of attack the wide gap provides slightly more lift than either 
of the other settings. 

Drag data show that the narrow gap configuration has slightly 
higher drag than the optimum gap, and that the wide gap configuration 
has substantially higher drag. The pitching moment data show that the 
narrowandoptimum gap confgiurations have nearly the same moment. 
The wide gap configuration has a reduction in (negative) pitching 
moment, indicating separation over the rear portion of the airfoil- 
flap combination. 

Surface Pressure Measurements (Figures 8 through 11) 
At the lower angles of attack, surface pressures indicate attached 

flow over the airfoil and flap for narrow and optimum gaps, and separa- 
tion at about mid-flap chord for the wide gap. (Separation is indi- 
cated by a constant pressure region and failure to recover to free 
stream pressure at the flap trailing edge.) When separation occurs 
over the trailing edge of the forward element, a low pressure wake 
appears abovethe flap. This wake evidently reduces the amount of fluid 
which must be turned by the flap. Consequently, a thin layer of slot 
flow turns and remains attached over the flap upper surface. The pres- 
sure plateau characteristic of flap separation vanishes from the flap 
under these conditions, and is replaced by a pressure distribution which 
shows continuous recovery from the minimum pressure point of the trail- 
ing edge. The low pressure wake from the forward element changes the 
boundary condition for the flap, requiring trailing edge pressure to 
recover not to free stream pressure, but rather to the lower wake pres- 
sure. Thus of the two pressure distribution characteristics trends 
usually associated with trailing edge separation on single element air- 
foils: (1) lack of trailing edge pressure recovery and (2) constant pres- 
sure region (pressure plateau); only the pressure plateau criteria can 
be applied to studies of slotted flap separation. 

A reduction of forward element lift due to loss of flap circulation 
is also shown in the wide gap data. At the post-stall angle of attack 
(12.7" or afs = 15.1') separation is indicated from about 0.6~ aft on 
the main element for all three gaps, and flap flow appears fully attached. 
Comparisons of experimental pressures with theory show generally good 
agreement except where either forward element or flap separation is 
present. 



Velocity Plots (Figures 12 through 14) - 
Earlier studies (ref.2) for the same GA(w)-1 airfoil and flap 

with 40' flap deflection revealed that with the optimum slot gap, 
an unsheared potential flow (cPt = 1.0) core was present in the 
flap slot, with sheared flow (wing and flap boundary layers) 
above and below the core. Further, it was found that the core 
flow continued beyond the slot exit, but did not always persist as 
far aft as the flap trailing edge. 

Velocity plots from the present test for narrow and optimum 
gap indicate fully attached flow over airfoil and flap at the 
pre-stall (5.2') angle and the angle for ckmax, with a substantial 
core flow rn each case. Careful examination reveals that the 
velocity profile at the flap trailing edge at the angle for cIlmax 
is slightly fuller (slightly wider core flow, less prone to 
separation) for the optimum gap than for the narrow gap. At 
the post-stall angle (12.7') a large region of separation appears 
on the airfoil forward section (from about 0.8~ aft) for both 
narrow and optimum gaps, and the flap flow remains fully attached 
with core flow extending to the flap trailing edge in both cases. 

The velocity plots for the wide gap show separation at the 
flap trailing.edge even at the pre-stall angle. A wide core 
flow is present at the slot exit, but the core is displaced 
upward at the flap trailing edge by the reversed flow region. At 

CR max the separation is forward of mid-flap chord. At post- 
stall, a major portion of the flap is separated as well as the 
aft station on the airfoil. Wakes from the airfoil trailing edge 
and flap merge ahead of the flap mid-chord location at the cLmax 
and post-stall angles, rapidly dissipating the core flow. 

The slot exit flow profiles indicate non-reversed flow 
with relatively thin slot sidewall viscous layers for all 
three gaps and all three angles tested. 

Static Pressure Contours (Figures 15 tnrough 17) 
The data at the pre-stall and CR,,, angles of attack indi- 

cate attached flow (isobars perpendicular to the local surface) 
over the flap for narrow and optimum gaps, but separated flow (iso- 
bars parallel to the local surface) over the flap for the wide 

gap - At the post-stall angle of attack, regions of local 
separation are indicated at the trailing edge of the forward 
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element for the narrow gap, just aft of the slot exit for 

the optimum gap and over nearly the entire flap for the wide 

gap. 
Total Pressure Contours (Figures 18 through 20) 
The total pressure contours are of particular interest, 

since the cPt= 1.0 contour defines the extremity of the vis- 

cous flow region. The narrow and optimum gaps exhibit quite 

similar characteristics. At 5.2' and 10.3O, separate definable 
wakes appear from the forward element trailing edge and the 

flap. At the post-stall angle of attack, evidence of forward 

element separation appears as indicated by a relatively large 

region of reduced total pressure. The flap wake remains rel- 

atively thin. 

With the wide gap, a wide wake is present behind the 
flap at all angles of attack, indicating substantial flap 

separation. 
Boundary Layer Profiles (Figures 21 through 28) 
The near-wall velocity profiles, cps profiles and cPt pro- 

files are quite similar for narrow and optimum gaps. The data 

indicate non-reversed flow at all stations for the two lower 
angles of attack, and reversed flow at . 8Oc and 1.005 c on the 
forward element at the post-stall angle of attack. The flow 
through the slot is non-reversed even at the post-stall angle. 

The measurements with the wide gap are quite different. 
With this gap, reversed flow is observed at the flap trail- 
ing edge station even at the pre-stall angle of attack condi- 
tion. At the CR,,, angle, reversed flow is observed at all 
flap stations and at the forward element trailing edge, even 
though a positive slot flow exists. At the airfoil trailing 
edge station, no data were obtained for positions just above 
the surface (z/c = -003 to .006), due to the highly unsteady 
character of the flow. 

At the post-stall angle, the measurements with the wide 
gap show reversal of flow at all flap stations even though 
a thin layer of positive flow exists at the slot. On the 
forward element, a thin (.0005c) region of reversed flow was 
measured as far .forward as the .80 x/c station. Unsteadiness 
again prohibited measurements at the forward element trailing 
edge for positions just above the airfoil surface (x/c = 1.005, 
. 0025 <z/c < .0040). 
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Wake Characteristics (Figures 30 through 38) - 
Wake measurements for narrowandoptimum gaps are quite 

similar, showing no reversal of flow at pre-stall and cRmax 
. angles of attack, and substantial reversal at post-stall. 

The wide gap measurements show reversed flow at the 
x,/c = .075 and . 15 stations at the angle of attack for ~~~~~ 
and at the x,/c = -15 and . 30 stations at the post-stall angle 
of attack. The apparent absence of reversed flow at the xw/c= 
. 075 location with post-stall angle of attack is questionable, 
since high turbulence prohibited measurement at a number of 
points at this station. 

Skin Friction (Figure 39) 
At the pre-stall and cR max angles of attack, skin 

friction measurements on the forward element follow the trend 
predicted by theory, but measured levels are consistently 
below theory. On the flap upper surface, data for narrow and 
optimum gaps agree well with theory. Measurements with the 
wide gap show levels near theory over the forward portion of 
the flap, but levels far below theory over the aft portion 
of the flap upper surface at the pre-stall angle of attack. 
At the cRmax angle of attack, skin friction with the wide gap 
is far below theory over the entire flap upper surface. 

At the post-stall angle of attack, skin friction measure- 
ments on the forward element have substantial scatter, showing 
nearly constant friction at average levels which are about half 
of the theoretical predictions. Flap skin friction measure- 
ments for all gap settings show strong variation with position 
as indicated by theory, but at somewhat higher levels than 
theory. These observations for narrow and optimum gaps are 
consistent with the basic surface pressure distributions, 
velocity field maps and split film turbulence surveys which 
indicate attached flow over the flap even at the post-stall 
angle of attack. The wide gap measurements are not so con- 
sistent. The velocity field maps and split film surveys indi- 
cate flap separation, .while the surface pressure measurements and 
skin friction measurements indicate attached flap flow. It must 
be remembered, of course, that the razor blade skin friction 
measurements are obtained in part from surface pressure 
measurements; therefore surface pressure and skin friction 
data are not completely independent parameters. Furthermore, 

13 



total pressure measurements (such as with a razor blade) 
tend to read higher than true mean value in regions of high 
turbulence. 

Turbulence and Flow Reversal Maps (Figures 40 and 41) 
Regions of steady flow and regions with various degrees 

of turbulence, i.e., moderate intermittency (1% time < reversal< 
50% time) of reversal and high intermittency (reversed > 50% of 
time) of reversal are shown. Measurements were made only for 

the climax angle and post-stall angle. In interpreting these 
results, and comparing them with other data, only the high 
intermittency regions are considered to be regions of "flow 
reversal." 

For the climax angle of attack, the narrow gap configura- 
tion has a region of heavy turbulence over the aft region of 
the flap, but no region on the surface where intermittency of 
reversal greater than 50% was measured. With the optimum gap 
no airfoil or flap separation is present, but a small region 
of moderate intermittency of reversal extends from the flap 
trailing edge aft, a distance of about 0.20~. With the wide 

gap, substantial flap separation is again present. 
At the post-stall angle of attack, the narrow gap con- 

figuration has separation from about 0.70~ aft on the main 
section and moderate intermittency of reversal over the entire 
flap. With the optimum gap., the airfoil has a major region of 
separation, but a thin layer of attached flow remains over the 
flap. With the wide gap, flow reversal is diminished over the 
airfoil forward element, but flap separation is.substantially increased. 

CONCLUSIONS FROM GAP STUDIES 

1. For the optimum gap, separation was minimized and lift 
was maximum. Initial separation occurred at the airfoil trail- 
ing edge, and the flap remained fully attached through the stall. 

2. With a narrower thanoptimum gap, surface flow separation 
characteristics are nearly identical to those for the optimum gap. 
On the other hand, substantially larger regions of high turbu- 
lence with moderate intermittency of reversal were observed over 
the flap at the cLmax angle and the post-stall angle. 
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3. With a wider than optimum gap, flow measurements indicate 
that the flap was partially separated at all angles of attack. In 
this case, the efflux from the slot exit does not follow the flap 
contour, but rather flows nearly streamwise, merging with the airfoil 
forward element wake. All measurements except the surface pressure 
data at the post-stall angle of attack substantiate this general pic- 
ture of the flow. These conflicting results present a dilemma as to 
the actual flow situation. 

Observation from other tests on multiple-element configurations 
indicate that when separation appears at the trailing edge of the 
element forward of the flap, the flap flow becomes more stable. Thus 
two post-stall separation patterns may appear: the first is predomi- 
nantly separation on the forward element, with a layer of fluid enter- 
ing the slot and remaining attached over the flap (Sketch A); the 
second pattern or mode is separation over the flap with attached flow 
on the forward element (Sketch B). It is believed that separation was 
predominantly over the flap for all runs except the surface cp measure- 
ments at the post-stall angle in the present tests, and that when sur- 
face cp measurements were being made the separation shifted to the 
forward element. 

Sketch A 
MODE I - AIRFOIL SEPARATION 

Sketch B 
MODE II - FLAP SEPARATION 
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PART II - FLAP COVE SHAPE STUDIES 

Geometric Considerations 

Effects of cove shape on Fowler flap performance have not 

been previously studied in detail. Most designs utilize either 

a smooth entry lip (Figure 42) or a sharp-edge entry lip. The 

smooth lip would appear to be designed to promote attached flow 
from the airfoil lower surface to the flap slot, although both 
theory and experiment show that separation occurs even for 
a fairly generous lip radius. Disadvantages of this design 
are undercutting the aft spar cap area (if a generous radius 
is used), and possible drag penalty at cruise due to the local 
surface dip (or "notch") which remains with flap nested. Unpub- 

1ishedWSUwind tunnel studies have shown that the drag penalty due 

to the surface notch is quite small at low Reynolds number 
and low Mach number. On the other hand, the notch and rounded 
entry cove tend to promote leakage through the flap slot, and 
leakage flow can cause severe drag penalties. (See Ref. 5 
for details.) 

The sharp lip cove maximizes structural volume, provides 
a smoother contour at cruise, and is easier to fit with a 
seal to minimize leakage problems. Flap optimization studies 
with various cove shapes (Ref. 4 ) indicate that little CR,,, 
penalty is associated with the sharp lip cove. 

Sharp-lip cove entry shapes cannot be analyzed by current 
computational models. Theoretical studies with rounded entry 
lip predict separation on the lip at all angles of attack with 
flap extended. Experiments confirm the separation, but show 
that reattachment occurs ahead of the flap slot for optimum 
gap and overlap. Since computer models do not account for 

post-separated flows, or separated slows with reattachment, 

theoretical results for geometry which results in separation 
must be viewed with skepticism. 

In order to study the effects of flap cove separation and 
reattachment, experiments were conducted for three flap cove 
shapes (Figure 42): 

1) a round entry lip cove (standard cove) 

2) a "blended" cove 
3) a sharp-lip cove 
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The blended cove was designed to provide for fully attached 
flow in the cove region. A contour of this type could be 
provided on an operational aircraft only by means of a rather 
complicated variable-geometry cove. The objective of study- 
ing this geometry in thepresent research was not to suggest 
the blended cove as a practical design, but rather to inves- 
tigate the effects of fully attached flow versus separated and 
reattaching flow on flap performance and flap cove and slot 
flow characteristics. 

Preliminary Experiments 

Preliminary Force Tests: 
For these tests the flap deflection was 35O and overlap 

was 0.012~. Force runs were conducted to determine the opti- 
mum gap (for highest cRmax) for each cove shape. The tests 
showed that the optimum gap was the same (0.030~) for all three 
cove shapes, even though cIlmax levels varied somewhat. 

Flow Visualization: 
Tuft and oil dot flow studies were conducted to determine 

separation and reattachment locations for each cove configura- 
tion. While these preliminary studies were not documented 
with photographs, these studies showed that the standard cove 
separates at the radius of the cove entrance, and the sharp- 

lip cove separates at the cove lip. In both cases, reattach- 
ment occurs at about the 0.9Oc station. The blended cove 
showed no indication of separation. 

Flow Measurements in Cove Region: .---- 
Because of the restrictive geometric constraints of the cove 

shapes, only limited measurements were possible with the 5-tube 
probe and 4-tube probes. 

The small size of the split-film anemometer makes it suitable 
for scanning the flap cove regions. Equally important, this device 
is capable of making measurements in regions of high turbulence, 
including turbulent flows with intermittent reversal. 

Presentation of Cove Shape Studies 

Results of these studies are presented in Figures as listed 
in Table 5. Except where noted, data are presented for standard, 
blended, and sharp-lip cove. 
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Table 5 - Presentation of Cove Shape Data 

Type data 

Cove geometry 

Forces 

Surface 
pressures 

Surface flow 

Velocity field 
maps 

Near-wall 
velocity 
profiles 

Turbulence and 
flow reversal maps 

Wake velocity 
profiles 

Static pressure 
contours 

Instrument 

--- 

Balance 

Transducers 

Tufts 

5-tube, 
2-tube, 
split-film 

5-tube, 
4-tube, 
split-film 

Split-film 

Split-film 

4-tube, 
5-tube 

Remarks 

--- 

Theory for standard & 
blended coves only 

Theory for standard & 
blended coves only 

Figures 

42 

43 

44,45,46 

-a- 47 

--- 48,49,50 

x/c=.60 and .975 51,54 

For standard and sharp 
lip only 

x,/c = .02 

52,53 

55 

56,57,58 

Discussion of Cove Shape Studies 

Force Measurements (Figure 43) 

The data for the standard cove show reasonable agreement 

with earlier (Ref. 2) wind tunnel data and other test data 

with the same geometry (Fig. 7). The drag data have been 

corrected for end plate tare differences as noted on page 8. 

The present data show that at low angles of attack, 

the lift i.s the same for all three cove shapes. Near CRmax 
the blended and sharp-lip coves exhibit less lift and a 

lower stalling angle than the standard case, indicating early 

flap or airfoil upper surface separation. The differences 

between the blended and sharp-lip cove results are quite 
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sm$ll. At post-stall angles of attack, all three cove 
shapes produce essentially the same lift. 

Surface Pressures (Figures 44 through 46) 
The experimental pressure distributions for all three 

cove shapes are nearly identical for angles up to 7.7“. At 
10.3O the data for the standard cove show higher lift and 
a smoother distribution over the airfoil forward element than 
the sharp-lip and blended coves which have separation on the , 
forward element. At 12.7O, pressure measurements for all three 
cove shapes are again essentially the same. These trends cor- 
relate well with the observations from the force measurements. 

As discussed earlier, theoretical predictions using the 
method of Reference 1 are not possible for sharp-lip coves. 
Comparisons with theory for the standard cove case show fairly 
good agreement at angles prior to separation, and poor agree- 
ment when substantial separation is present (~1 

fs = 14.84. Even 
at the pre-separation angles, both upper and lower surf‘lce 
experimental pressures show smoother distributions than the 
theory predicts in the vicinity of the cove. 

The blended cove theoretical results show smooth distributions, 
and therefore slightly better agreement with experiment than the 
standard cove case. At 11.7" (a,,) the experimental data show some 

inconsistency which is believed to be an indication of instability 
of the separation point location, and consequent unsteadiness of the 
entire pressure field. (A slow-scan method for pressure data record- 
ing was used, with pressure locations being sampled in groups of four.) 
The flap pressures for this angle indicate attached flow but substan- 
tially lower peak (negative) pressures than thaory. The 14.S" data 
indicate a substantial region of stable separation on the forward 
element, and a flap pressure distribution similar to the 11.7" case. 

Surface Flow (Figure 47) 
Lower surface tuft photos with standard cove show separated 

flow in the cove at all angles of attack, with reattachment 
taking place ahead of the slot lip. Flap lower surface flow 
is attached in all cases. The blended cove photos show completely 
attached lower surface flow. The sharp-lip cove was fabricated 
from Plexiglas to permit flow visualization within the cove. 
These photos show separation and reattachment ahead of the 
slot lip, generally similar to the standard cove. 
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Velocity Field Maps (Figures 48 through 50) 
These maps show composite data obtained from the 5-tube 

pressure probe and from the split film anemometer. The pres- 
sure probe is the preferred instrument in regions of steady flow, 
Since it gives flow angularity information and static and total 
pressures, and is not prone to calibration shifts. On the 
other hand the split-film anemometer is capable of measurement 
in highly turbulent, reversing flows, and its small size enabled 
scans to be conducted at a station just forward of the slot 
exit (x/c= .975). 

Study of all these figures reveals that agreement between 
the 5-tube probe and split-film anemometer is quite good at 
the outer edges of the boundary layers. At the wake survey 

stations, however some inconsistences are present. These occur 
in regions of relatively high turbulence, where pitot-type 
probes are known to produce readings higher than the true mean. 
Only the mean values from the split-film anemometer data are 
shown on these figures. 

The cove region surveys confirm the presence of separ- 
ation with reattachment ahead of the slot exit for the stand- 
ard cove and sharp-lip coves, and fully attached flow for the 

blended cove. The data for the sharp-lip cove reveal an un- 
expected result. The flow in the cove near the entrance lip 
(x/c= .775) does not show substantial reversal. In fact, the 

profiles at 'this station for pre-stall and post-stall angles 
show nearly zero mean velocity for the region from the wall 
to about -05 z/c, and the profile at the c Rmax angle shows 
a positive mean flow. This result was so suprising that scans 
were repeated with the probe reversed, and re-calibration of the 
probe was performed to confirm the findings. 

Near-Wall Velocity Profiles at Cove Entry (Figure 51) 
Near-wall scans were conducted at 0.60 x/c to determine 

whether the cove shape variations would have a significant 
influence on the approaching boundary layers. These data show 
that the boundary layers at this station are quite thin for 
all cases. In fact, at the c R,,, angle, the profiles are 
virtually uneffected by cove geometry. 
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Cove Turbulence Surveys (Figures 52 and 53) 

These measurements were conducted only for the standard 

and sharp-lip coves, since no separation was observed with 

the blended cove. With the standard cove, the flow shows 

some reduction of turbulence between the pre-stall and cRmax 

angles of attack, Data for both cove shapes show that the 

flow entering the flap slot was not reversing, and had moder- 

ate or less turbulence at the cRmax angle. The sharp-lip cove 

seems to promote a slightly more stable flow entering the flap slot 

and a somewhat thinner region of influence of the reversed flow. 

Flap Slot and Wake Velocity Profiles (Figures 54 and 55) 

Split-film anemometer scans near the flap slot (x/c= .975) 

show similar trends for all three coves. In this figure, band- 

widths of +3 standard deviations (CI) are shown as well as mean 

values. The data for mean velocity are quite similar for all 

three cove shapes. The standard cove shows slightly higher tur- 

bulence level (larger bandwidth for 3~) at the maximum velocity 

point and the sharp-lip cove shows higher turbulence near the 

wall, including reversal with the f3a bandwidth. 

Wake profiles measured just downstream from the flap 

trailing edge (xw/c = 0.02) show reversal of the mean flow 

for the blended and sharp-lip coves, but no reversal of the 

mean flow for the standard cove. (Intermittent reversal is 

present in all cases.) The standard cove flow data also show 

that the region of high turbulence is located well above the 

flap trailing edge, indicating that the separation originates 

primarily from the forward element rather than from the flap. 

Static Pressure Contours (Figures 56 through 58) 

These data indicate fairly regular contours for the blended 

cove with fully attached flow. For the standard and sharp-lip 

coves, regions of separation are indicated by plateaus of con- 

stant pressure near the airfoil surface. Since the pressure 
tends to become constant in regions of separation, isobars will 
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tend to become parallel to the surface when separation iS pre- 

sent. For unseparated flows, isobars tend to be orthogonal to 

the surface. Careful comparison of these figures with split- 

film velocity profiles in figures 48 through 50 indicates some 

discrepancies in the extent of the reversed flow regions. These 

discrepancies are attributed to pressure measurement inaccuracies 

associated with the highly turbulent nature of the flow in these 

regions. 

CONCLUSIONS FROM FLAP COVE SHAPE STUDIES 

1. Local flow separation within a flap cove region does 

not seem to be a hindrance to attainment of high maximum cR values, 

so long as the flow reattaches ahead of the flap slot. In fact 

in the present tests, a completely blended cove which did not have 

flow separation actually produced a slightly lower cRmax than a 

more conventional ("standard") cove with flow separation and 

reattachment. 

2. Detailed measurements within three cove regions show 

that while the details of the flow within the cove differ, 

all three coves produced very similar flap slot velocity pro- 

files. 
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1 Note: Flagged symbols denote theoretical 
!C values usins the method of Ref. 1. 
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Figure 16- Static Pressure Contours, 01 = 10.3O. 
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Figure 21- Boundary Layer Characteristics, gap = .02c, a = 5.2O 
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Figure 21- Continued. 
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Figure 21- Concluded. 
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Figure 22- Boundary Layer Characteristics, gap = .03c, a =c 5.2’ 
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Figure 22 - Continued. 

80 



,I 
-.-..--- ---__--__-L ~.--- - ---.. ~. ___-- 

SYMBOL LOCATION 
•l 600 x/c 
0 0:800 x/c 
A 1.005 x/c 
c 0.075 
x 0.150 

xgc 
Xf/C 

0 0.300 Xf/C 

(c) Total Pressure. 
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Figure 23 - Boundary Layer Characteristics, gap = .05c, a = 5.2O 
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Figure 23 - Continued. 
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Figure 23 - Concluded. 

84 



SYMBOL LOCATION 
[3 0.600 x/c 
cl 0.800 x/c 
A 1.005 x/c 
+ 0.075 

0.150 
Xf/C 

X Xf/C 
e 0.300 Xf/C 

(a) Velocity. 

Figure 24 - Boundary Layer Characteristics, gap = .02c, a = 10.3' 
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Figure 24- Continued. 
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Figure 24 - Concluded. 
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(a) Velocity. 

Figure 25- Boundary Layer Characteristics, gap = .03c, a = 10.3O 

88 



I - 

SYMBOL LOCATION 
I3 0.600 x/c 
3 0.800 x/c 
A 1.005 x/c 
-I- 0.075 X 0.150 Xf/C 
S’S 0.300 Xf/C Xf/C 

(b) Static Pressure. 

Figure 25 - Continued. 
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Figure 25 - Concluded. 
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Figure 26- Boundary Layei: Characteristics, gap = .05c, a = 10.3O 
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Figure 26 - Continued. 
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Figure 26 - Concluded. 
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(a) Velocity. 

Figure 27- Boundary Layer Characteristics, gap = .02c, a = 12.7' 
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Figure 27 - Continued. 
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(c) Total Pressure. 
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Figure 27 - Concluded. 
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Figure 28 - Boundary Layer Characteristics, gap = .03c, a = 12.7O 
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Figure 28 - Continued. 
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Figure 28 - Concluded. 
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Figure 29- Boundary Layer Characteristics, gap = .05c, a = 12.7O 
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Figure 29 - Continued. 
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(c) Total 
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Figure29 - Concluded. 
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Figure 30 - Wake Characteristics, gap = .02c, a = 5.2O 
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Figure 31 - Wake Characteristics, gap = .03c, a =5.2' . 
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Figure 32 - Wake Characteristics, gap = .05c, a = 5.2O . 
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Figure 33 - Wake Characteristics, gap = .02c, 0: = 10.3' 
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Figure 34 - Wake Characteristics, gap = .03c, CL = 10.3" 
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Figure 35 - Wake Characteristics, gap = .O~C,.C% = 10.3O 
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Figure 36 - Wake Characteristics, gap = .02c, a = 12.7O 
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Figure 37 - Wake Characteristics, gap = .03c, a = 12.7' 
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Figure 38 - Wake Characteristics, gap = .05c, a = 12.7' 
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Figure 39- Continued. 
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Figure 40-Split Film Velocity Field Surveys,a = 10.3' 
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Figure al-Split Film Velocity Field Surveys, 0: = 12.7' 
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Figure 41- Continued 
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Figure42- Geometry For Coves. 
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Figure 42- continued 
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Figure 57- Static Pressure Contours, c1 = 10.3'. 
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Figure 58- Static Pressure Contours, a = 12.7O. 
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